The molecular weight limit of water-soluble dietary fiber (SDF) determined by the Prosky method was studied by liquid chromatography (LC). It was confirmed that only SDF with an average degree of polymerization of 12 or higher can be determined by the Prosky method. Total dietary fiber (TDF) was determined by 2 additional methods using LC. In the first method, the total quantity of insoluble dietary fiber (IDF) and high molecular weight SDF (HMSDF) was determined according to the modified Prosky method (MES-TRIS buffer-based). The quantitatively collected final filtrate was analyzed by LC for the quantity of low molecular weight SDF (LMSDF), and the 2 quantities were totaled to obtain TDF. TDF values thus determined for rice, polished or unpolished, soybean flour, and pressed barley were higher than those determined by the Prosky method by approximately 6, 3.5, and 3.5%, respectively. In the second method, direct determination by LC analysis was done on samples after enzymatic treatment according to the Prosky method. Results showed that the determination of LMSDF, in particular, was highly accurate and more effective. In both of these methods, the quantity of LMSDF was determined from its chromatographic peak area ratio to glucose as an internal standard, which was produced by hydrolysis.
S
ince the physiological significance and concept of dietary fiber (DF) were first proposed by Burkitt et al. (1) , numerous investigators have attempted to clarify the role of dietary fiber in the body (2) . However, the exact definition of dietary fiber differs from investigator to investigator, yielding a widening interpretation (3) . The physiological definition of dietary fiber encompasses indigestible and unabsorbable saccharides which pass sites of absorption in the small intestine and undergo fermentation by intestinal microorganisms in the large intestine, generating acetic, propionic, and butyric acids, and hydrogen (4) . Oral hydrogen expiration is a common phenomenon to all dietary fibers except lignin (5) . Recent studies have shown that some soluble indigestible saccharides of low molecular weight promote physiologically favorable functions, e.g., intestinal regularity, moderate postprandial blood glucose levels, and lower cholesterol levels, but are not analyzed as dietary fiber by the Prosky method (6) .
Dietary fiber is determined by enzymatic-gravimetric and chemical methods, which consist of hydrolysis of starch and protein by digestive enzymes, hydrolysis of the remaining indigestible polysaccharides by acid, and sequential chemical determination of the constituent saccharides by gas chromatography or colorimetry (7, 8) . The most often used method, the Prosky method, is an enzymatic-gravimetric method (9) that provides relatively easy determination of DF and has been internationally accepted as the AOAC and FAO/WHO methods.
These methods have been modified for the separate determination of insoluble and soluble dietary fiber (IDF and SDF). However, the Prosky method does not provide accurate and easy determination of all dietary components, i.e., those that pass the small intestine intact. The phosphate buffer used in the conventional Prosky method may cause coprecipitation of minerals, which may lead to error in the dietary fiber determination (10, 11) . Furthermore, some part of SDF of considerably high molecular weight is still dissolved in 78% ethanol, which is used to precipitate SDF.
We initiated an experiment to determine the degree of polymerization (DP) of saccharides fractionated by 78% ethanol, and confirmed that low molecular weight indigestible saccharides in large quantities were dissolved in 78% ethanol. Next, we established a systematic method for DF determination using liquid chromatographic (LC) analysis, by which the quantity of dietary fiber can be accurately determined including both high molecular weight soluble dietary fiber (HMSDF) and low molecular weight soluble dietary fiber (LMSDF) such as indigestible oligosaccharides. (e) LC analytical column.-MCI GEL CK04SS (Mitsubishi Chemical Co., Ltd., Tokyo, Japan).
Experiment 1. LC Fractionation of Saccharides Dissolved in 78% Ethanol

LC System and Conditions
LC analysis was performed under the following conditions: LC column, MCI GEL CK04SS; detector, differential refractometer; mobile phase, water; sample, 10 µL 5% solution; column temperature, 80°C; flow rate, 0.4 mL/min.
Procedure
Corn syrup solids (1 g, dried to constant weight) was weighed into a 400 mL tall-form beaker, dissolved in 350 mL 78% ethanol at 60°C, yielding precipitate. This solution was filtered by suction, using a 0.5 g Celite-coated glass filter, with precipitate and filtrate collected separately. The precipitate was washed with 20 mL 78% ethanol 3 times, 10 mL 95% ethanol twice, and 10 mL acetone twice. The precipitate on the glass filter was air and oven-dried at 105°C for 5 h to remove the solvent. To dissolve the precipitate, 10 mL distilled water was added to the glass filter, drawn by suction, and gathered in a suction bottle. Any remaining Celite was filtered off using a 0.2 µm membrane filter. This solution was then concentrated to 5% in an evaporator for chromatographic determination. The filtrate was completely evaporated to dryness to remove the solvent, and dissolved in distilled water to a concentration of 5% for chromatographic determination. LC analysis was performed on the 5% sample solution.
Results of Experiment 1 Figure 1 shows 3 LC elution profiles for the corn syrup solid sample: (A) before precipitation, (B) the 78% ethanol precipitate fraction, and (C) its solution fraction. Almost all saccharides of DP 12 or lower were dissolved in 78% ethanol, as were some saccharides of DP higher than 12 ( Figure 1) . Therefore, relatively low molecular weight DF of ≤2000 cannot be precipitated by 78% ethanol used in the Prosky method. These experiments also suggest that LC analysis is effective for determining LMSDF. 
LC System and Conditions
LC analysis was performed under the same conditions as Experiment 1.
Method 1: Determination of insoluble dietary fiber (IDF).-A 1 g sample (crushed, sieved to 32-mesh, fat-extracted, and dried) was accurately weighed into a 400 mL tall-form beaker and dissolved in 50 mL, 0.05M MES-TRIS buffer (pH 6.0). To the solution was added 100 µL Termamyl; the beaker was covered with aluminum foil and reacted at 95°C for 30 min. After cooling, the solution was adjusted to pH 7.5 ± 0.1 by addition of 0.205N NaOH. To the solution, 5 mg protease was added, and reacted similarly at 60°C for 30 min. After cooling, the solution was adjusted to pH 4.5 ± 0.2 by addition of 0.282N HCl, and reacted with 100 µL amyloglucosidase at 60°C for 30 min. Upon completion of the reaction, the solution was filtered by suction, using a 0.5 g Celite-coated glass filter (previously dried to constant weight). The sediment was washed with 10 mL distilled water twice, 10 mL 95% ethanol twice, and 10 mL acetone twice. After washing, the sediment was air oven-dried at 105°C overnight and weighed. The weight of the precipitate, less protein and ash, was the total quantity of IDF:
where PW1 is precipitate weight obtained by Method 1 (mg); (P -P BLK ) is protein weight in the sample (mg); (A -A BLK ) is ash weight in the sample (mg); SW is sample weight (dry basis, mg). Protein was determined by Kjeldahl analysis, and ash was determined by incinerating at 525°C for 5 h according to the Prosky method (9). The flow chart of Method 1 is shown in Figure 2 .
Method 2: Separate determination of insoluble dietary fiber and high molecular weight soluble dietary fiber (IDF·HMSDF) and low molecular weight soluble dietary fiber (LMSDF)
-A 1 g sample (crushed, sieved to 32-mesh, fat-extracted, and dried) was accurately weighed into a 400 mL tall-form beaker and dissolved in 50 mL 0.05M MES-TRIS buffer (pH 6.0). To the solution was added 100 µL Termamyl; the beaker was covered with aluminum foil and reacted at 95°C for 30 min. After cooling, the solution was adjusted to pH 7.5 ± 0.1 by addition of 0.205N NaOH. To the solution, 5 mg protease was added, and reacted similarly at 60°C for 30 min. After cooling, the solution was adjusted to pH 4.5 ± 0.2 by addition of 0.282N HCl, and reacted with 100 µL amyloglucosidase at 60°C for 30 min. Upon completion of the reaction, 4 volumes of 95% ethanol heated to 60°C were added, and the solution was allowed to stand overnight to form a precipitate. The solution was filtered by suction, using a 0.5 g Celite-coated, glass filter (previously dried to constant weight).
The filtrate was collected into a 500 mL Erlenmeyer flask placed in a bell jar instead of the usual suction bottle. The sediment was washed with 20 mL 78% ethanol 3 times, 10 mL ethanol twice, and 10 mL acetone twice. After washing, the sediment was air and oven-dried at 105°C overnight and weighed. The weight of the precipitate, less protein and ash, was reported as the sum of IDF and HMSDF:
where PW2 is precipitate weight obtained by Method 2 (mg); (P -P BLK ) is protein weight in the sample (mg); (A -A BLK ) is ash weight in the sample (mg); SW is sample weight (mg). Protein was determined by Kjeldahl analysis, and ash was determined by incinerating at 525°C for 5 h according to the Prosky method (9). The collected filtrate was immersed in a boiling water bath to remove the solvent, concentrated, and evaporated to dryness in a pear-shaped flask. The concentrate was diluted to 100 mL with distilled water.
Next, 50 mL of this solution was passed through a glass column packed with 50 mL mixed-bed ion-exchange resin at a specific velocity (SV) of 1, and pushed with distilled water to a volume of 200 mL. 5% and filtered through a 0.2 µm membrane filter. LC analysis was performed on the filtrate and the ratio of indigestible saccharide portion, as LMSDF, to glucose content was determined. The glucose content from the same 100 mL solution was determined by the pyranose oxidase method (Determiner GL-E, a quantitative analytical kit for glucose was used), and the quantity of LMSDF was calculated by the following equation:
where P LMSDF is peak area of indigestible saccharide (LMSDF); P Glc is peak area of glucose; Glc is glucose weight in the sample determined by the pyranose oxidase method (mg); SW is sample weight (mg).
Further, the quantity of TDF was calculated by the following equation:
The flow chart of Method 2 is shown in Figure 3 . Method 3: Direct determination of soluble dietary fiber (SDF) by LC.-A 1 g sample was accurately weighed into a 400 mL tall-form beaker and dissolved in 50 mL 0.05M MES-TRIS buffer (pH 6.0). To the solution was added 100 µL Termamyl; the beaker was covered with aluminum foil and reacted at 95°C for 30 min. After cooling, the solution was adjusted to pH 7.5 ± 0.1 by addition of 0.205N NaOH. To the solution, 5 mg protease was added, and reacted similarly at 60°C for 30 min. After cooling, the solution was adjusted to pH 4.5 ± 0.2 by addition of 0.282N HCl, and reacted with 100 µL amyloglucosidase at 60°C for 30 min. Upon completion of the reaction, the enzyme was inactivated by heating to 90°C. After cooling, the solution was diluted to 100 mL with distilled water. Next, 50 mL of this solution was passed through a glass column packed with 50 mL mixed bed ion-exchange resin at SV 1 and pushed with distilled water to a volume of 200 mL. The deionized solution was concentrated to 5% and filtered with a 0.2 µm membrane filter. LC analysis was performed on the filtrate, and the ratio of indigestible saccharide portion (as SDF) to the glucose content was determined. The glucose content from the same 100 mL solution was determined by the pyranose oxidase method (Determiner GL-E, a quantitative analytical kit for glucose was used), and the quantity of SDF was calculated by the following equation:
where P SDF is peak area of indigestible saccharide (SDF); P Glc is peak area of glucose; Glc is glucose weight in the sample determined by the pyranose oxidase method (mg); SW is sample weight (mg). If glucose was not produced in the sample by these enzymatic treatments, 100 mg glycerin was added to the sample as an internal standard before the ion-exchange resin treatment. The quantity of SDF was calculated from its peak area ratio to glycerin and the response value of RI detector between glucose and glycerin:
where P SDF is peak area of indigestible saccharide (SDF); P Gly is peak area of glycerin; RV is the response value of RI detector between glycerin and glucose (0.82); Gly is glycerin weight (solid basis) added to the sample as an internal standard (mg); SW is sample weight (mg). The flow chart of Method 3 is shown with that of Method 2 in Figure 3 .
Calculation of Rate of Recovery of DF
To evaluate the accuracy of the analysis, the rate of recovery (RR) of DF was calculated as the totaled ratios of TDF and digestible carbohydrates (obtained by LC analysis) to the total carbohydrates (obtained by the conventional method):
RR of DF = TDF (%) + digestible carbohydrate (%) total carbohydrate (%)
where digestible carbohydrate (%) by LC analysis was calculated from the sum of digestible starch (calculated by multiplying the quantity of newly formed glucose by 0.9) and digestible low molecular weight saccharide which is originally contained; total carbohydrate (%) was calculated by the following equation:
Total carbohydrate, % = sample weight [moisture + fat + protein + ash] sample wei − ght × 100 (8) where all measurements are in mg.
Results of Experiment 2
In Method 1, IDF was determined by the modified Prosky method (MES-TRIS buffer-based). Table 1 shows IDF contents ± standard deviation (SD) and coefficients of variation In Method 2, HMSDF and LMSDF were determined separately. HMSDF was determined together with IDF by the modified Prosky method (MES-TRIS buffer-based). LMSDF collected from the filtrate was determined by LC analysis. Figure 4 shows the LC elution profile of pressed barley with its peak area of LMSDF. The sum of the 2 values gives the TDF (Formula 4). Table 2 indicates the mean ± SD, CV, and RR of DF. Five replicate determinations were performed for each sample. This experiment showed that the LMSDF content was high in polished and unpolished rice. The TDF values by Method 2 of soybean flour and pressed barley were slightly higher than those obtained by the modified Prosky method (Method 1) because of the presence of LMSDF. The lower CV values reflect a high accuracy of analysis by Method 2 yielding a high RR of DF.
Method 3 provides direct determination of SDF (both HM and LM) by LC analysis. Pinefibre, Fibersol-2, and pulluran, which are rich in SDF, were determined for their SDF with 5 replicate determinations. Figure 5 shows the LC elution profile of enzyme-treated Pinefibre. In Table 3 , SDF content was calculated from its chromatographic peak area ratio to glucose formed by enzymatic treatments. When glucose was not produced in the sample by these enzymatic treatments, the quantity of SDF was calculated from a predetermined quantity of glycerin added as an internal standard. Here, the smaller CV values than those obtained by Method 2 (Table 2 ) and the RR of DF (close to 1.0) indicate the accuracy of Method 3, the direct analysis by LC.
Discussion
The average DP of linear-chain polysaccharides precipitated in 78-80% ethanol was estimated at about 10 by Asp (12) . The present study provides evidence that polysaccha- rides precipitated by the Prosky method had an average DP of ≥12. These results indicate that the Prosky method determines polysaccharides having molecular weights of about 2000 or higher, with low molecular weight polysaccharides remaining dissolved in the 78% ethanol solution. Further, it is easily assumed that branched polysaccharides of DP 12 and lower will remain unprecipitated.
In defining the term dietary fiber, opinion is divided as to which DP and what physiological action should draw a distinction between oligosaccharide and DF. However, LC analysis seems to provide an effective means of determining DF; it has been shown here to determine quantitatively individual saccharides of various molecular weights. In recent years, LC equipment has made remarkable advances in the column, markedly improving the ability of LC to separate substances. Of the many LC column methods, the gel permeation chromatographic procedure (GPC) used here is best suited for determination of soluble dietary fiber. In addition, for analysis of oligosaccharides, this GPC analytical method is ideal. Further confirmation of these results will require additional analytical experiments with a greater number of samples.
